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Edited by Horst FeldmannAbstract In order to understand the functional signiﬁcance of
the transmembrane domain of TrwB, an integral membrane pro-
tein involved in bacterial conjugation, the protein was puriﬁed in
the native, and also as a truncated soluble form (TrwBDN70).
The intact protein (TrwB) binds preferentially purine over pyrim-
idine nucleotides, NTPs over NDPs, and ribo- over deoxyribonu-
cleotides. In contrast, TrwBDN70 binds uniformly all tested
nucleotides. The transmembrane domain has the general eﬀect
of making the nucleotide binding site(s) less accessible, but more
selective. This is in contrast to other membrane proteins in which
most of the protein mass, including the catalytic domain, is out-
side the membrane, but whose activity is not modiﬁed by the
presence or absence of the transmembrane segment.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Integral membrane proteins constitute a rather heteroge-
neous group from the point of view of the extent of their inter-
action with the membrane hydrophobic matrix. In some cases,
e.g. the respiratory complexes, a large proportion of the pro-
tein mass, including the active centres, is embedded in the lipid
bilayer. At the other end of the spectrum, the true monotopic
proteins possess only a small domain interacting with a single
membrane monolayer, i.e. not traversing the membrane [1,2].
In general, for integral membrane proteins, monotopic or
transmembrane, containing the bulk of the protein mass and
the active center outside the membrane, and a single trans-
membrane domain, the latter is considered to work merely as
an anchor, without any major inﬂuence on the structure and/
or function of the catalytic domain. In some cases, it has beenAbbreviations: DDM, b-D-dodecylmaltoside; PCR, polymerase chain
reaction
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doi:10.1016/j.febslet.2006.04.059indeed proven that the transmembrane segment does not aﬀect
protein function [3].
TrwB is a protein encoded by the conjugative plasmid R388
[4,5]. It plays an essential role in bacterial conjugation. Its
homologues in other conjugative systems include TraD from
plasmid F, TraG from RP4 and HP0524 from Helicobacter py-
lori [6,7]. TrwB is an integral membrane protein consisting of
507 residues, that contains characteristic nucleotide triphos-
phate-binding domains, reminiscent of those of F1-ATPase a
and b subunits [8,9]. The protein consists of a large (ca. 440
residues) extramembranous domain, and a transmembrane do-
main comprising the 70 N-terminal residues that includes two
transmembrane helices and a small periplasmic domain in
between [10].
In our laboratories TrwBDN70, a soluble form of TrwB
lacking the N-terminal transmembrane segment, was puriﬁed
[11]. In that puriﬁcation protocol, TrwBDN70 behaved as a
monomer. However, its crystal structure revealed a molecule
with six equivalent protein units [12]. In a more recent publi-
cation [13], we reported the puriﬁcation of native TrwB in
monomeric and hexameric forms, in the presence of b-D-
dodecylmaltoside (DDM). The availability of TrwB both in
the complete, detergent-solubilized, and in the truncated,
water-soluble forms prompted us to perform a comparative
study of the structural stability of both forms against a num-
ber of challenges, namely changes in temperature, ionic
strength, and the presence of chaotropic agents [14]. It was
then found that the transmembrane domain played a major
role in stabilizing the secondary and tertiary structures of
the protein. As a consequence, a role of the transmembrane
domain in the function of TrwB appeared as a possibility to
be explored. The most prominent function that could be mea-
sured in both the truncated and full-length forms was nucleo-
tide binding [11,13]. [The soluble form of TrwB exhibits an
ATP hydrolase activity [15] that has not yet been elicited in
the complete protein (unpublished data)]. To monitor nucleo-
tide binding, we used ﬂuorescent nucleotide analogues, such
as 2 0(3 0)-O-(2,4,6-trinitrophenyl)nucleotide 5 0-triphosphate
(TNP-NTP) [16], that have been successfully applied to this
kind of studies in other laboratories, as well as in our own
[11,13,17,18]. In the current investigation, the ability of
TNP-NTPs to interact with intact and truncated TrwB was
compared. Likewise, the binding constants of diﬀerent nucleo-
tides were determined through competitive titration of TNP-
derivatives by unmodiﬁed nucleotides. We found that TrwBblished by Elsevier B.V. All rights reserved.
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protein aﬃnity for nucleotides and increasing its speciﬁcity for
purine nucleotides.Fig. 1. Puriﬁcation of TrwBH6. (A) Puriﬁcation scheme of TrwBH6.
See Section 2 for further details. (B) Puriﬁcation of TrwBH6 monomers
and hexamers. Proteins at each puriﬁcation step were separated by
electrophoresis in 12.5% SDS–PAGE and stained with Coomassie
brilliant blue. Lane 1, solubilized membranes (fraction I) (22.6 lg);
lane 2, cellulose phosphate P-11 500 mM NaCl eluate (fraction II)
(2.9 lg); lane 3, HiTrap-chelating chromatography (fraction III)
(5.8 lg); lane 4, cellulose phosphate P-11 1 M NaCl eluate (fraction
II 0) (5.4 lg); lane 5, pool after applying fraction II 0 onto HiTrap-
chelating column (fraction III 0) (6.6 lg); lane 6, pool after applying
fraction III 0 onto Superose-6 column (fraction IV 0-m) (2.5 lg); lane 7,
pool after applying fraction III 0 onto Superose-6 column (fraction IV 0-
h) (2.8 lg). Lane M, marker proteins.2. Materials and methods
2.1. Cloning
The trwB and trwBK136T genes were ampliﬁed by polymerase chain
reaction (PCR). Ampliﬁed products were cloned into the expression
vector plasmid pET-22b(+) (Novagen, Madison, WI) to generate
pUB3 and pUB4 recombinant plasmids, respectively. Plasmid pUB1
[13] was used as a template in the PCR reaction to generate pUB3
using primers: #A (5 0-GGAGATATACATATGCATCCAGA-3 0),
which adds a NdeI restriction site (underlined) to the 5 0 end of the se-
quence, and #B (5 0-AAGAGTCAGCTCGAGGATAGTCCC-3 0),
which adds a XhoI restriction site (underlined) to the 3 0 end of the
gene, while eliminating its original stop codon. The 1500-bp PCR
product was cloned into the pET-22b(+) expression vector using the
constructed NdeI and XhoI restriction sites. Similarly, plasmid pUB4
was generated using plasmid pUB2 [13] as a template and the #A
and #B PCR reaction primers. Bacterial transformation in Escherichia
coli BL21C41(DE3) [19] with plasmid DNA was carried out by the
CaCl2 method [20].
2.2. In vivo activity
To test the conjugal ability of the His-tagged fusion proteins
(TrwBH6 and TrwB-K136TH6), assays of conjugal complementation
were performed as described by Llosa et al. [10].
2.3. Expression and puriﬁcation of TrwBH6 and TrwB-K136TH6
The puriﬁcation protocol (Fig. 1, panel A) is similar to that previ-
ously reported for the puriﬁcation of wild-type TrwB [13], except that
a HiTrap-Chelating column, instead of the cationic exchange column
HiTrap-SP, was used. Fractions II and II 0 from P-11 column (Fig. 1,
panel A) were supplemented with 50 mM imidazole and subsequently
loaded onto 5 ml HiTrap-Chelating columns (Amersham Pharmacia)
connected to a Pharmacia FPLC system equilibrated with buﬀer A
[50 mM Tris–HCl (pH 7.8), 0.1 mM EDTA, 200 mM NaCl], supple-
mented with 0.05% (w/v) DDM and 50 mM imidazole. Proteins
were eluted from the columns with 225 mM imidazole in the above
buﬀer at a ﬂow rate of 2.5 ml/min, yielding Fractions III and III 0. Frac-
tion III contained pure TrwBH6 monomer, however Fraction III
0 con-
tained a mixture of monomer and hexamer. Fraction III 0 was
concentrated using a 3 ml ultraﬁltration cell with a YM-30 ultraﬁltra-
tion membrane of regenerated cellulose (Amicon) to a ﬁnal volume of
2 ml and loaded onto a 24 ml Superose 6 column (10 · 30 cm) (Amer-
sham Pharmacia) by using a Pharmacia FPLC equipment. Gel ﬁltra-
tion was performed in buﬀer A with 0.05% (w/v) DDM at a ﬂow
rate of 0.5 ml/min. The peak fractions corresponding to TrwBH6
monomers and hexamers (Fraction IV 0-m and Fraction IV 0-h, respec-
tively) were pooled, glycerol was added to a 20% (v/v) ﬁnal concentra-
tion, and the protein stored at 80 C. In this new protocol,
puriﬁcation is signiﬁcantly shortened because no gel ﬁltration step is
needed to obtain TrwB monomers after Fraction III. As a conse-
quence, larger amounts of protein (5 mg/l cell culture vs. 1.3 mg/l cell
culture for TrwBH6 and TrwB, respectively) and a higher degree of
purity (TrwB hexamer preparation purity was increased from 87% to
98% when puriﬁed using the current fusion approach) were achieved.
An SDS–PAGE showing the proteins at each puriﬁcation step can
be seen in Fig. 1B.
The TrwB-K136TH6 mutant protein was puriﬁed following the same
puriﬁcation protocol used for TrwBH6. The procedure reported by
Hormaeche et al. [13] yielded a negligible amount of the TrwB-
K136TH6 hexameric fraction. However, the protocol here reported,
using the C-terminal 6·His-tag, yields a signiﬁcant amount of this
TrwB-K136TH6 hexameric fraction (i.e., 660 lg per 4 l of cell culture).
All protein determinations were performed by the Bradford method
[21].
The purity of TrwB fractions was calculated by densitometry of elec-
trophoretic runs. Protein samples were separated by electrophoresis in
SDS–polyacrylamide gels and, after staining with Coomassie Brilliant
Blue, analyzed using a GS-800 Calibrated Densitometer (Bio-Rad,
Hercules, CA, USA).2.4. Expression and puriﬁcation of TrwBDN70
Expression and puriﬁcation of TrwBDN70 was carried out as de-
scribed in Tato et al. [15] except that MgCl2 was not included in the
buﬀers.
2.5. Nucleotide binding activity
The nucleotide binding properties of TrwB and TrwBDN70 were
analyzed using a ﬂuorescent ATP analogue, namely TNP-ATP
(Molecular Probes, Eugene, OR) and similar ADP and GTP analogues
[16]. Experiments were performed at 25 C using a SLM8100 spectro-
ﬂuorometer (Aminco), with spectral bandwidths of 5 and 10 nm for
excitation and emission, respectively. TrwB and TrwBDN70 proteins
were suspended in buﬀer A supplemented with 0.05% (w/v) DDM
and 20% (v/v) glycerol or 50 mM Tris–HCl (pH 7.8) and 20% (v/v)
glycerol, respectively. All spectra were corrected for buﬀer ﬂuorescence
I. Hormaeche et al. / FEBS Letters 580 (2006) 3075–3082 3077and for dilution (never exceeding 5% of the original volume). When the
extrinsic ﬂuorescence of TNP-ATP was studied, excitation was per-
formed at 410 nm, and emission was scanned in the 470–650 nm range.
TNP-ATP binding was determined from the increase of the curve area
between 500 and 600 nm in the presence of TrwB and TrwBDN70 pro-
teins [22]. Titration curve ﬁtting was accomplished using SigmaPlot
2001 for Windows, Version 7.0 (Copyright 1986–2001 SPSS Inc.)
with the following quadratic equation in the case of increasing TNP-
ATP ﬂuorescence:
F ¼ F min þ fðF max  F minÞ½ðEt þ Lþ KTNP-ATPd Þ
 ððEt þ Lþ KTNP-ATPd Þ2  4EtLÞ1=2g=2Et ð1Þwhere F is the relative ﬂuorescence intensity, Fmin is the relative ﬂuores-
cence intensity at the start of titration, Fmax is the ﬂuorescence intensity
at saturating concentration of TNP-ATP (L), Et is the total concentra-
tion of TrwB, and KTNP-ATPd is the apparent dissociation constant of
TrwB-substrate complex.
In the case of displacement of bound TNP-ATP by ATP, the follow-
ing quadratic equation was used:
F ¼ F max  fðF max  F minÞ½ðEt þ Lþ K0:5Þ
 ððEt þ Lþ K0:5Þ2  4EtLÞ1=2g=2Et ð2Þ
where Fmax is the ﬂuorescence intensity at start of titration, Fmin is the
ﬂuorescence at saturating concentration of ATP, K0.5 represents the
amount of ATP necessary to displace half the amount of bound
TNP-ATP, and L represents ATP concentrations. Therefore, the
apparent dissociation constant of TrwB-ATP complex ðKATPd Þ can be
calculated by using K0.5 value obtained from the displacement experi-
ments and the following equation:
KATPd ¼ K0:5=f1þ ½L=KTNP-ATPd g ð3Þ
where L represents TNP-ATP concentration at start of titration.
When other TNP-nucleotides or unmodiﬁed nucleotides were used,
the nomenclature for the corresponding dissociation constants was
the following: KTNP-nucleotided and K
nucleotide
d for TNP-nucleotides and
unmodiﬁed nucleotides, respectively.3. Results
3.1. Nucleotide-binding activity of TrwB and TrwBH6
An improved puriﬁcation protocol was developed that in-
volves the use of His-tagged proteins and allows the preparation
of TrwB in large quantities, especially the hexameric fraction.
Although TrwBmaintained its in vivo activity when His-tagged
at either the amino- or carboxy-terminal end, expression exper-
iments showed that only the C-terminal fusion protein was
overexpressed in signiﬁcant amounts (data not shown). Conse-
quently, TrwBH6 containing the His tag at the C-terminal end
was used for protein puriﬁcation and further experiments.
TrwBH6 was overproduced in E. coli BL21C41(DE3) [19] har-
bouring pUB3 plasmid, as detailed in Section 2.
The ﬂuorescence emission intensity of the ﬂuorescent ATP
analogue TNP-ATP increases considerably upon protein bind-
ing [16], thus being widely used to characterize ATP binding byFig. 2. Nucleotide binding to TrwBH6 monomers. (A) Fluorescence
spectra of TrwBH6-bound TNP-ATP in the presence and absence of
ATP. Details of the experiment are described under Section 2.
Spectrum 1, TNP-ATP (10 lM) in buﬀer A; spectrum 2, TrwBH6
monomers (0.8 lM) plus TNP-ATP (10 lM); spectrum 3, TNP-ATP
(10 lM) in buﬀer A plus ATP (2 mM); spectrum 4, spectrum of
TrwBH6 monomers (0.8 lM) plus TNP-ATP (10 lM) plus ATP
(2 mM). (B) TNP-ATP binding to TrwBH6 monomers. Fluorescence-
monitored titration of TrwBH6 monomers with TNP-ATP. Successive
aliquots of TNP-ATP stock solutions were added to a 0.4 ml sample of
TrwBH6 monomers (0.8 lM). The area of the spectrum between 500
and 600 nm was calculated after each addition. Each plotted value
represents the normalized curve area from 500 to 600 nm between the
protein titration and the blank titration (DA/DA0) and was corrected as
described under Section 2. Mean values + S.D. (n = 2). The line
represents the best ﬁt to the data generated using Eq. (1). (C)
Displacement of bound TNP-ATP by ATP in TrwBH6 monomers.
Successive aliquots of ATP stock solutions were added to a solution
containing TrwBH6 monomers (0.8 lM) and TNP-ATP (10 lM) in
buﬀer A supplemented with 0.05% (w/v) DDM and 20% (v/v) glycerol.
The area of the spectrum between 500 and 600 nm was calculated after
each addition. Each plotted value represents the normalized diﬀerence
in ﬂuorescence intensity between the protein titration and the blank
titration and was corrected as described under Section 2. Average
values + S.D. (n = 2). The solid line represents the best ﬁt to the data
generated using Eq. (2).
b
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binds TNP-ATP. This is expected from the NTP-binding sig-
nature in its amino acid sequence. Comparison of our data
(Fig. 2A) with those previously reported [13] revealed that,
in the presence of TrwBH6 monomers, the ﬂuorescence emis-
sion spectrum of TNP-ATP is similar to the one recorded in
the presence of TrwB. Moreover, in both cases, bound TNP-
ATP could be dislodged from its binding site(s) by excess
ATP (Fig. 2A, spectrum 4).
When TrwBH6 monomers were titrated with increasing con-
centrations of TNP-ATP, saturation was observed (Fig. 2B).
The dissociation constant obtained after ﬁtting the experimen-
tal results to Eq. (1) was 3.35 lM for TrwBH6. A similar value
(2.35 lM) was found for the non-tagged TrwB monomer by
Hormaeche et al. [13].
When the protein saturated with TNP-ATP was back-ti-
trated with ATP, ﬂuorescence intensity decreased gradually
(Fig. 2C). The experimental points ﬁtted well to a curve gener-
ated from Eq. (2), which allows an estimation of K0.5. From
K0.5, Eq. (3) allows computation of the apparent dissociation
constant of the protein-ATP complex ðKATPd Þ [25]. From the re-
sults in Fig. 2C, a KATPd ¼ 2:6 mM for TrwBH6 monomer was
obtained. The corresponding value for the non-tagged protein
was 1.2 mM [13]. KATPd values in the millimolar range of ATP
concentrations are common in ATP-binding proteins [23,26]
including the F1-ATPase [27]. Similar experiments were per-
formed with the TrwBH6 hexamers, and also using other
nucleotide analogues, namely TNP-ADP and TNP-GTP.
The dissociation constants of the three analogues are shown
in Table 1. All values were in the 3.3–4.5 lM range. No signif-
icant diﬀerence was found between the His-tagged and the
non-tagged proteins, neither between the diﬀerent purine
nucleotide analogues. In all cases tested the hexamer exhibited
an increased aﬃnity for the TNP-nucleotide, in agreement with
previous partial data [13]. For both monomers and hexamers,
the concentration of binding sites (g), calculated according to
Moncalia´n et al. [11], was 1 lM. Since the concentration of
TrwB in all the experiments was also 1 lM, our data suggest
that the nucleotide/enzyme stoichiometry was 1/1 and 1/6 for
monomers and hexamers, respectively.
TNP-nucleotide binding has probably two main compo-
nents: (i) a speciﬁc binding to the nucleotide-binding site,
and (ii) a non-speciﬁc binding of the TNP moiety to non-polar
residues in the vicinity of the ATP-binding site [16]. Although
in this type of experiments the TNP derivative can be displaced
by the corresponding unmodiﬁed nucleotide, thus providing a
measure of speciﬁc binding, it could also be considered that theTable 1
TNP-nucleotide binding constants for TrwB and TrwBH6 proteins
Protein KTNP-ATPdðlMÞ
KTNP-ADPdðlMÞ
KTNP-GTPdðlMÞ
TrwB (monomer) 4.31 3.42 4.33
TrwB (hexamer) 0.80 1.40 n.d.
TrwBH6 (monomer) 3.35 4.51 3.64
TrwBH6 (hexamer) 1.20 n.d. n.d.
Dissociation constants ðKTNP-ATPd , KTNP-ADPd , and KTNP-GTPd Þ for TNP-
ATP, TNP-ADP and TNP-GTP, respectively, were determined as
described in Section 2.
n.d., not determined.
Figures represent means of at least two independent assays that gave
closely similar results, deviations from the average being within ±15%.TNP moiety might contribute to the binding in a non-speciﬁc
manner so that the diﬀerences found between the binding of
diﬀerent nucleotides could be masked. In consequence a series
of experiments was designed in order to ﬁnd out whether or
not the nature of the bound TNP-nucleotide would inﬂuence
its displacement by the corresponding free nucleotide, or by
other free nucleotides.
3.2. Base speciﬁcity of the nucleotide-binding site of TrwB
protein
In this set of experiments a TNP-nucleotide (i.e., TNP-ATP,
TNP-GTP, TNP-ADP) concentration of 10 lM was used in
order to saturate the protein binding sites, then back titration
with the appropriate unlabeled nucleotide was performed. Ta-
ble 2 summarizes the values corresponding to the apparent dis-
sociation constants obtained from the displacement titration
curves (not shown). Results indicate that TNP-ATP was eﬃ-
ciently displaced by ATP and GTP but much less so by
ADP. Similar results were obtained for TNP-GTP and TNP-
ADP. In general, our results suggest that, although TNP-
nucleotides bind TrwB with similar aﬃnities, the displacement
provoked by unmodiﬁed nucleotides is diﬀerent depending on
the nucleotide itself. In this respect, regardless of the TNP-
nucleotide, ATP and GTP produced stronger displacements
than ADP. The combined results from Tables 1 and 2 demon-
strate that TrwB binds all three TNP-derivatives tested with
similar aﬃnities, although the unlabeled nucleotides did diﬀer
in their binding (displacement) parameters. Speciﬁcally, TrwB
showed a higher aﬃnity for either ATP or GTP than for ADP.
Subsequently TNP-ATP was used to measure the aﬃnity
constants of diﬀerent unmodiﬁed nucleotides. In the light of
the results shown in Table 3 (Knucleotided values), TrwB mono-
mers showed a preference for ATP and GTP over CTP and
TTP. As observed in Fig. 3A, data corresponding to CTP indi-
cate that this nucleotide was not able to eﬃciently release
bound TNP-ATP from TrwB. Therefore, the corresponding
Knucleotided value was markedly higher than that of ATP. Similar
results were obtained for TTP (Table 3). From these data, it
can be concluded that TrwB binds preferentially to purine
nucleotides.
To address the role of the sugar moiety in the binding of the
adenosine nucleotides to TrwB, competition studies with
dATP and dGTP, using TNP-ATP as a reference ﬂuorescence
nucleotide, were performed. The resulting binding constants
are included in Table 3, and indicate that the replacement of
ribose by deoxyribose had a clear eﬀect on nucleotide aﬃnity.
The KdATPd and K
dGTP
d dissociation constants were 4.76 and
4.77 mM, respectively, about twice higher than those found
for ATP and GTP. This suggests that the ribose 2 0 OH groupTable 2
Competition experiments between unmodiﬁed and TNP-labeled nucle-
otides for TrwBH6 monomers
Chasing nucleotide TNP-nucleotide bound to TrwBH6 monomers
TNP-ATP TNP-GTP TNP-ADP
ATP KATPd ðmMÞ 2.63 2.20 2.41
GTP KGTPd ðmMÞ 2.61 2.39 n.d.
ADP KADPd ðmMÞ 12.05 10.47 7.08
n.d., not determined.
Figures represent means of at least two independent assays that gave
closely similar results, deviations from the average being within ±15%.
Table 3
Dissociation constants ðKnucleotided Þ of binding of nucleotide substrates
to TrwBH6 and TrwBDN70 proteins as determined by chase exper-
iments using TNP-ATP
Protein Nucleotide K0.5
*
(mM)
KnucleotidedðmMÞ
TrwBH6 monomer ATP 8.92 2.63
dATP 16.13 4.76
ADP 40.84 12.05
GTP 8.86 2.61
dGTP 16.16 4.77
GDP 28.00 8.26
CTP 36.78 10.85
TTP 31.36 9.25
TrwBH6 hexamer ATP 8.01 1.04
ADP 46.07 6.01
GTP 9.18 1.20
TrwBK136TH6 monomer
a ATP 8.21 2.01
TrwBK136TH6 hexamer
b ATP 7.57 1.09
TrwBDN70c ATP 1.22 0.22
dATP 1.22 0.22
ADP 1.97 0.35
GTP 1.60 0.29
dGTP 1.28 0.23
GDP 3.07 0.55
CTP 1.19 0.21
TTP 1.12 0.20
Figures represent means of at least two independent assays that gave
closely similar results, deviations from the average being within ±15%.
*K0.5 was computed using Eq. (2), for which Fmax was normalized to
1.0 and Fmin was normalized to 0.36, i.e. the value obtained experi-
mentally for ATP. Knucleotided was computed using Eq. (3).
aKTNP-ATPd ¼ 2:60 lM (the KTNPATPd value of the complete, wild-type,
monomeric protein was 3.35 lM).
bKTNP-ATPd ¼ 1:34 lM (the KTNP-ATPd value of the complete, wild-type,
hexameric protein was 1.20 lM).
cKTNP-ATPd ¼ 3:27 lM (the KTNP-ATPd value of the complete, wild-type,
monomeric protein was 3.35 lM).
Fig. 3. (A) Displacement of bound TNP-ATP by unmodiﬁed nucle-
otides in TrwBH6 monomers. Unmodiﬁed nucleotides used as com-
petitors were ATP, GTP, TTP and CTP. Successive aliquots of
unmodiﬁed nucleotide stock solutions, (m) ATP, (j) GTP, (r) TTP
and (d) CTP, were added to a solution containing TrwBH6 monomers
(0.8 lM) and TNP-ATP (10 lM) in buﬀer A supplemented with 0.05%
(w/v) DDM and 20% (v/v) glycerol. The area of the spectrum between
500 and 600 nm was calculated after each addition. Each plotted value
represents the diﬀerence in ﬂuorescence intensity between the protein
titration and the blank titration and was corrected as described under
Section 2. Average values of two closely similar experiments. The solid
line represents the best ﬁt to the data generated using Eq. (2).
(B) Displacement of bound TNP-ATP by unmodiﬁed nucleotides in
TrwBDN70. Unmodiﬁed nucleotides used as competitors were ATP,
GTP, TTP and CTP. Successive aliquots of unmodiﬁed nucleotide
stock solutions, (D) ATP, (h) GTP, (e) TTP and (s) CTP, were added
to a solution containing TrwBDN70 (10 lM) and TNP-ATP (15 lM)
in 50 mM Tris–HCl (pH 7.8) supplemented with 20% (v/v) glycerol.
The area of the spectrum between 500 and 600 nm was calculated after
each addition. Each plotted value represents the diﬀerence in ﬂuores-
cence intensity between the protein titration and the blank titration
and was corrected as described under Section 2. Average values of two
closely similar experiments. The solid line represents the best ﬁt to the
data generated using Eq. (2).
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otide-binding site.
Likewise, when nucleotides diphosphate (ADP, GDP) were
studied, the Kd dissociation constants of the protein–nucleo-
tide complexes (Table 3) were higher than those observed for
nucleotides triphosphate. These data showed that the nucleo-
tide binding site of the TrwB protein was speciﬁc for purine
nucleotides triphosphate. TrwB hexamers also displayed
higher aﬃnity for ATP than for ADP (Table 3), in agreement
with the results just described for TrwB monomers.
A mutant in the Walker A motif, TrwB-K136T, that behaves
in a negative dominant way in functional conjugation assays
[11], bound ATP with a similar aﬃnity to that of the wild type
protein (Table 3) in both the monomeric and the hexameric
forms. Thus, our aﬃnity data indicate that TrwB-K136T does
indeed maintain its nucleotide-binding activity, although the
ATPase activity appears to be lost as a consequence of the
mutation [15].
Table 3 summarizes as well the Knucleotided values for the bind-
ing of eight nucleotides to TrwBDN70, the truncated form of
TrwB that lacks the transmembrane domain. Interestingly,
binding experiments demonstrate that the truncated protein
lacks the ability to discriminate between the diﬀerent nucleo-
tides, Knucleotided values being similar in all cases. It should be
noted, in particular, that unlike what happens for native TrwB,
TrwBDN70 has virtually the same aﬃnity for purine andpirimidine nucleotides (Fig. 3B). Also, Knucleotided values are
one order of magnitude lower than those observed for TrwB
(Table 3). These results demonstrate that the transmembrane
domain of TrwB has a two-fold eﬀect on the nucleotide-
binding domain, decreasing its overall aﬃnity for NTPs on
one hand, while providing speciﬁcity for purine nucleotides
on the other.
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buﬀers: TrwB is kept in a buﬀer containing detergent [0.05%
(w/v) DDM], as beﬁts an integral protein, while TrwBDN70
is stabilized by 20% (w/v) glycerol. Thus in order to elucidate
whether the detergent could have any eﬀect in the diﬀerences
in nucleotide-binding speciﬁcity between TrwB and
TrwBDN70, binding experiments were performed in which
TrwBDN70 was used in 50 mM Tris–HCl (pH 7.8), 20%
(w/v) glycerol, 0.05% (w/v) DDM. Under these conditions
TrwBDN70 showed similar aﬃnity for CTP and ATP, as ob-
served in the absence of DDM (data not shown). It was con-
cluded that the diﬀerences in nucleotide binding between
TrwB and TrwBDN70 were not due to the presence or absence
of detergent.4. Discussion
TrwB is an integral membrane protein essential for R388
plasmid conjugation that belongs to the type IV coupling pro-
tein (T4CP) family [5]. Proteins in this family have been pro-
posed to play a role in connecting the relaxosome to a type
IV secretion system during bacterial conjugation [5]. In any
case, additional structural and biophysical studies are still
needed to elucidate their function in the conjugative process.
In this regard, although the crystal structure of TrwBDN70
protein (a soluble mutant of TrwB) has already been reported
[12], no structural data are available for the whole, native form
of this protein.
4.1. Functional role of the transmembrane domain
Sequence similarities among members of the T4CP family
include the Walker A and Walker B sequence motifs character-
istic of nucleotide binding folds [5,10]. In fact, in its sequence,
TrwB contains both a glycine-rich motif (GATGTGKS) and
another highly conserved region (i.e., LFIDE, where the posi-
tions occupied by LFI are hydrophobic amino acids in the
canonical sequence) which correspond to the Walker A and
Walker B motifs, respectively. These two conserved regions
can also be found in many purine nucleotide-binding proteins
[8,28–30]. Due to the presence in its sequence of the Walker A
and Walker B motifs [10] and according to newly obtained
structural data [12], TrwB has been recently included in the
RecA-like motor ATPase superfamily [31]. Nevertheless,
although the importance of these two motifs has been substan-
tiated by structural data [12], up to now there is no evidence of
TrwB (or any other T4CP) speciﬁcity for purine or pirimidine
nucleotides. In this respect, Schro¨der and Lanka [32] found
that all their studied T4CP mutants lacked speciﬁcity for
nucleotide binding. By contrast, Tato et al. [15], in their studies
with TrwBDN70 (the only T4CP so far reported to have ATP-
ase activity), showed that ATP was the preferred nucleotide for
hydrolysis. Therefore, since TrwB has never been reported to
have ATPase activity, we decided to investigate the nucleotide
binding activity of TrwB and TrwBDN70, in an attempt to un-
ravel the functional role of the transmembrane domain.
In this work, we have shown that the apparent dissociation
constants for ATP and GTP are much lower than those for
TTP and CTP (Table 3). Furthermore, the apparent dissocia-
tion constants for ADP and GDP are higher (up to ﬁvefold)
than those for nucleotide triphosphates. Therefore, TrwB
shows a preference for purine nucleotides triphosphate. Ourresults are consistent with the presence of a glycine-rich motif
in TrwB sequence. This motif is shared by many other purine
nucleotide proteins [33]. Similar results have been reported for
other nucleotide binding proteins such as helicase RepA [34]
and F1-ATPase [35]. Interestingly, the results in Table 3 dem-
onstrate that the observed TrwB speciﬁcity for purine nucleo-
tides triphosphate is lost in the truncated soluble mutant
TrwBDN70. Schro¨der and Lanka [32] showed that the mutants
of TraG and TrwB lacking the transmembrane domain (i.e.,
TraGD2 and TrwBD1) bind ATP and ADP with similar aﬃn-
ity. Moreover, other nucleotides, such as GTP, CTP, UTP and
dTTP, have been shown to be good competitors for ATP bind-
ing sites [32], indicating that the diphosphate moiety of nucle-
otides is the core structure required for nucleotide binding.
Nevertheless, in the light of the present study, their results
must be interpreted with caution, and the complete proteins
may indeed display nucleotide binding speciﬁcity.
Previously published data on TrwB and TrwBDN70 stability
indicated that the transmembrane portion of these membrane
proteins has a structural role beyond the mere anchoring of the
protein to the cell membrane [14], so that their truncated ver-
sions may not reﬂect the physiological conformation of their
native counterparts. The present results indicate that, in addi-
tion, the transmembrane domain has a direct functional impli-
cation in the modulation of nucleotide binding. This is
interesting because in membrane proteins that are mostly lo-
cated outside the membrane the transmembrane segment is
generally believed to be of little functional signiﬁcance. In
the speciﬁc case of fatty acid amide hydrolase [3], it has been
shown that removal of the transmembrane-anchoring peptide
has no detectable eﬀects on the protein activity. In F1-ATPase,
a protein structurally related to TrwB [12], the aﬃnities for
ADP and ATP are similar when soluble F1 or the complete
protein is used, although in this case F1 is not covalently linked
to the transmembrane domain(s) [36,37].
Tato et al. [15] reported that TrwBDN70 is able to hydrolyze
diﬀerent types of nucleotides, showing a preference for purine
nucleotides over pyrimidine ones. Therefore, from our data
and those of Tato et al. [15], it can be hypothesized that the
transmembrane domain of TrwB regulates its binding to
nucleotides, thereby optimizing the overall process by means
of only binding those nucleotides that can be subsequently
hydrolyzed.
4.2. The K136T mutant
Most ATP/GTP-binding proteins are known to present a
conserved lysine (K) residue, probably important for the con-
formation of the P-loop, which may also interact directly with
the b- and c-phosphates of bound NTP [33]. In order to clarify
the possible role of this lysine residue on nucleotide binding,
we generated a mutant of TrwBH6 (K136T) that was altered
in this residue. As indicated in Table 3, this point mutation
did not signiﬁcantly alter the nucleotide binding activity of
TrwB monomers and hexamers. However, it resulted in a
transfer-deﬁcient phenotype as reported by Moncalia´n et al.
[11]. Conversely, an equivalent point mutation in the lysine res-
idue (K187T) of another member of the coupling protein fam-
ily, i.e. TraGD2, was described to decrease aﬃnity in its ATP-
and ADP-binding sites [32]. Once again, their results must be
intepreted with caution since TraGD2 lacks the transmem-
brane domain. On the other hand, with mutant proteins
belonging to a diﬀerent nucleotide-binding protein family,
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family), Lapinski and co-workers found signiﬁcant diﬀerences
in nucleotide binding behaviour. Speciﬁcally, while K544M
mutation signiﬁcantly impaired the nucleotide binding of
TAP1, by contrast, K509M mutation did not alter the aﬃnity
of TAP2 for ATP [38]. Similarly, in their studies on P-glyco-
protein mutants (K429R/K1072R), Lerner-Marmarosh et al.
[39] observed that, although the ATPase activity was strongly
impaired, the ATP binding activity of this double mutant was
similar to the wild type protein. Thus, in spite of the discrepan-
cies, our data support the notion that, in intact T4CPs, the
conserved lysine residue in the Walker A or equivalent motifs
is not essential for nucleotide binding.
Our data suggest that the transmembrane domain of TrwB
confers speciﬁcity for nucleotide binding as a prerequisite for
the subsequent hydrolysis, making the nucleotide binding
site(s) less accessible but more selective. In general, the trans-
membrane domains of some membrane proteins could have
a role beyond the mere anchoring of the protein to the cell
membrane. Therefore, data obtained from mutants lacking
these transmembrane domains must always be interpreted with
caution.
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